Abstract The effect of cloud-radiation interactions on cloud properties is examined in the context of a limited-domain cloud-resolving model. The atmospheric cloud radiative effect (ACRE) influences the areal extent of tropical high clouds in two distinct ways. The first is through direct radiative destabilization of the elevated cloud layers, mostly as a result of longwave radiation heating the cloud bottom and cooling the cloud top. The second effect is radiative stabilization, whereby cloud radiative heating of the atmospheric column stabilizes the atmosphere to deep convection. In limited area domain simulations, the stabilizing (or indirect) effect is the dominant role of the cloud radiative heating, thus reducing the cloud cover in simulations where ACRE is included compared to those where it is removed. Direct cloud radiative heating increases high cloud fraction, decreases mean cloud optical depth, and increases cloud top temperature. The indirect cloud radiative heating decreases high cloud fraction, but also decreases mean cloud optical depth and increases cloud top temperature. The combination of these effects increases the top-of-atmosphere cloud radiative effect. In mock-Walker circulation experiments, the decrease in high cloud amount owing to radiative stabilization tends to cancel out the increase in high cloud amount owing to the destabilization within the cloud layer. The changes in cloud optical depth and cloud top pressure, however, are similar to those produced in the limited area domain simulations.
Introduction
Clouds have a strong impact on the radiative budget of the atmosphere. They influence the amount of shortwave and longwave radiation absorbed by the atmosphere and surface. The effect of clouds on the energy balance of the atmosphere is quite different from their effect at the surface or the top of the atmosphere. On average, clouds cool the surface by reflecting shortwave radiation, and may heat it by increasing the downward flux of longwave radiation. The effect of clouds on the atmospheric energy budget, however, is less straightforward. Because the tropospheric lapse rate is positive, clouds can either warm or cool the atmosphere, depending on their vertical structure. Low clouds can cool the atmosphere by increasing the downward emission of longwave radiation, while high clouds warm it by decreasing the upward emission of longwave radiation [see, e.g., Slingo and Slingo, 1988] . Over regions of deep convection within the tropics where high clouds dominate, cloud-radiation interactions warm the upper troposphere because absorption of longwave and shortwave radiation is much larger than the cloudy emission of longwave radiation [Slingo and Slingo, 1988] .
The cloud radiative heating within the atmosphere (the difference in the all-sky and clear-sky radiative heating profiles) is termed the atmospheric cloud radiative effect (ACRE). ACRE is similar to the often discussed top-of-atmosphere cloud radiative effect (CRE) because both contrast radiative fluxes with and without clouds. CRE describes the change in radiant flux through the top of the atmosphere owing to clouds, while ACRE describe the change in radiative heating within the atmosphere owing to clouds. It has been shown that including a realistic profile of ACRE within a model drives more realistic tropical circulations [Hartmann et al., 1984; Tian and Ramanathan, 2003 ]. It has also been shown that ACRE feeds back on the clouds through destabilization of the cloud layer by radiation [Webster and Stephens, 1980; Ackerman et al., 1988; Chen and Cotton, 1988; Lilly, 1988; Fu et al., 1995; Mace et al., 2006] . We will refer to this destabilization of the cloud layer by radiation as the ''direct effect of ACRE,'' or ''direct effect'' for short. Webster and Stephens [1980] calculated the heating gradient in thick anvil clouds near the West Pacific warm pool to be up to 35 K/d between cloud bottom and top, while Ackerman et al. [1988] later showed that the heating profile of To summarize, cloud-radiation interactions have been shown to be important for destabilizing anvil clouds in tropical deep convective systems (the direct effect). It has also been suggested that the net heating of the upper troposphere by these clouds will stabilize the atmosphere to deep convection (the indirect effect), which will change other components of the tropical system such as the OLR and the precipitation. Much of the prior work centers on case studies of individual cloud systems and their interaction with radiation [e.g., Fu et al., 1995; Durran et al., 2009; Dinh et al., 2010] . Other studies have examined the change in cloud amount to the heating of the atmosphere by ACRE [e.g., Sherwood et al., 1994] . To our knowledge, however, ours is the first study to examine both of these effects together to quantify the net impact of cloud-radiation interactions on the tropical clouds.
We have designed a series of equilibrium cloud-resolving model experiments as a means of exploring this problem, and with which we can examine the role of cloud radiative heating on tropical convection. Equilibrium experiments allow us to collect statistics from numerous cloud life cycles instead of relying on a single cloud system from which to draw conclusions. We hope to address several questions in this paper: (1) how does cloud fraction respond to ACRE? (2) How does the top-of-atmosphere cloud radiative effect respond to ACRE? (3) Does a large-scale circulation mitigate the stability effect of the cloud radiative heating? and (4) What are the implications for cloud feedbacks?
In this paper, we confirm that the cloud fraction increases owing to an increase in turbulent kinetic energy driven by direct cloud-radiation interactions. We also show, however, that the indirect stability changes over the depth of the troposphere dominate the cloud fraction by stabilizing the atmosphere to deep convection and limiting both the cloud fraction and the precipitation. We show that the total (direct 1 indirect) cloud radiative heating further changes the clouds to be both thinner and warmer, making the top-ofatmosphere cloud radiative effect (CRE) less negative. We also show that the indirect stability effect is mitigated somewhat by having a large-scale circulation within the model that can transport energy to a region where it can be radiated to space more efficiently. Finally, current general circulation models predict a reduction in high cloud amount [see, e.g., Zelinka et al., 2012] , and we suggest this reduction may be exaggerated owing to these models' inability to resolve within-cloud circulations.
Newtonian damping in the upper third. It has three prognostic variables: liquid water/ice moist static energy, total nonprecipitating water (vapor, cloud liquid, and cloud ice), and total precipitating water (rain, snow, and graupel). The vertical grid is stretched with 96 levels. The vertical grid spacing varies from less than 100 m in the boundary layer, to roughly 300 m in the upper toposphere, and finally to 1 km spacing in the stratosphere. The simulations are run with doubly periodic boundary conditions on the sides and fixed SST (either uniform or sinusoidal as we will discuss later). Monin-Obukhov similarity is used to compute the surface turbulent fluxes. Diffusion is handled with a 1.5-order closure scheme based on subgrid scale turbulent kinetic energy and also incorporates a simple Smagorinsky-type scheme. There is no artificial diffusion added. The Rapid and Accurate Radiative Transfer Model for GCMs is used for the radiative transfer calculations [see Mlawer et al., 1997; Iacono et al., 2008] . The simulations are performed at the equator with no rotation and perpetual insolation. The zenith angle for insolation is set as the daily average value. We follow the work of Harrop and Hartmann [2012] for determining when the model has reached radiative convective equilibrium (the model is in equilibrium when the net heating of the atmosphere is approximately zero). In their study, 50 days were used for model spin up. We allow 50 days of model spin up for our small domain experiments as well. We find that while some of the integrations reach equilibration prior to day 50, all of the integrations are in equilibrium by day 50. For the mock-Walker circulation experiments, not all of the simulations were equilibrated by day 50, but were by day 70. After equilibration, 50 additional days of simulation were run to collect statistics (for the small-domain experiments, days 50-100; for the mock-Walker experiments, days 70-120).
We first perform a suite of simulations with a horizontal grid of 96 km 3 96 km with 1 km grid spacing. In these small-domain simulations, we use a uniform fixed sea surface temperature for the lower boundary condition. The 96 3 96 small domain was selected based on prior work [Harrop and Hartmann, 2012 ] to avoid self-aggregation occurring within the model. Cloud radiative effects have been shown to be an important component of the self-aggregation process [Bretherton et al., 2005; Muller and Held, 2012; Wing and Emanuel, 2014; Muller and Bony, 2015] . Since our experiments involve removing the cloud-radiation interactions, we expect that removing ACRE will cause disaggregation, thus convolving ACRE effects with aggregation effects. We have verified that convection is not aggregated in the small-domain experiments with the ratio of the driest to wettest quartile of column-integrated water vapor [following Bretherton et al., 2005] . The ratio of driest to wettest quartile is above 0.95 for all of the small-domain experiments (see Table  2 ). In the real tropical warm pool, energy is diverged through atmospheric motions that are not present in these small-domain simulations. Thus, we perform a similar set of simulations within a mock-Walker experiment. The mock-Walker simulations are run on a 6144 km 3 32 km domain with 4 km grid spacing. We tested the sensitivity of the cloud areal extent and ACRE profiles to resolution in the small domain and found little change between 1, 2, 3, or 4 km horizontal grid spacings, so we do not expect the change from 1 to 4 km horizontal grid spacing to be a major difference between the two modeling setups. For the mockWalker simulations, the sea surface temperature (SST) is again held fixed, but in these experiments, we introduce a sinusoidal SST pattern with a peak-to-peak amplitude of 4 K. 4 K is roughly the difference in sea surface temperature difference between the center and edge of the warm pool. Since our model only extends 6144 km, the gradient in SST is steeper than what is observed. The gradient in our model was chosen to match that used by Wofsy and Kuang [2012] , in which they produced a reasonable Walker-like circulation.
We run the model both with the cloud-radiation interactions included (T1C1) and with the cloud-radiation interactions removed (T0C0). We will explain our notation in greater detail later, but ''T'' stands for experiments where ACRE heats the troposphere (the indirect effect) and ''C'' stands for experiments where ACRE heats the cloud layers (the direct effect). When the cloud-radiation interactions are removed, the clear-sky radiative heating rates are used to update the energy tendency terms, making the clouds invisible to both shortwave and longwave radiation. To separate the cloud changes associated with the direct radiative heating of clouds from those associated with the stability (indirect) effect, we run another pair of simulations. In the first, we still use the clear-sky fluxes to update the energy budget, but we additionally add in the domain mean average ACRE from the T1C1 experiment. In this case, the domain mean radiative cooling profile remains the same between this experiment and the T1C1 experiment, but the direct cloud-radiation interactions are removed, so that only the indirect effect is included. We refer to this experiment as T1C0. For the T1C0 experiments, the radiative heating rate is computed as follows: 
where Q RAD is the radiative heating rate, Q RAD,CLR is the clear-sky radiative heating, and ½ACRE T1C1 is the domain mean, time-average ACRE profile from the T1C1 experiment (with the same domain size and SST as the T1C0 experiment). Square brackets indicate the domain mean and overbar denotes a time mean.
In the second experiment, ACRE is included, but we remove its domain mean profile at each time step. Again, this method has the desired effect of maintaining a radiative cooling profile that matches that of the T0C0 experiment, but still allows for the radiative heating within the clouds to occur. We refer to this experiment as T0C1. For the T0C1 experiments, the radiative heating rate is computed as follows:
where Q RAD,ALL is the all-sky radiative heating rate and [ACRE] T0C1 is the domain mean ACRE for the T0C1 experiment. In other words, each time the radiation is called (every 160 s in our simulations) the domain mean ACRE value is removed from each column. Thus, the radiative heating gradients associated with the clouds are preserved, hence the C1 notation, while the domain mean ACRE is still zero at every time step, hence T0. The distribution of cloud bases (defined as the lowest level where ice cloud exists q i > 10 25 kg/ kg) occupies a broad range from roughly 7 to 15 km (not shown). Longwave flux convergence dominates ACRE and is largest at cloud base. As a result, the mean ACRE profile is the result of averaging clouds at different levels, and therefore removing the mean profile should not noticeably diminish the strength of the within-cloud circulations (the direct effect) in our T0C1 experiments.
These four experiments allow us to examine the direct effect of ACRE on the clouds by differencing the T1C1 and T1C0 as well as the T0C1 and T0C0 experiments. Similarly, we can investigate the indirect effect of ACRE stabilizing the atmosphere and thus suppressing deep convection by differencing the T1C1 and T0C1 experiments or the T1C0 and T0C0 experiments. The experimental design is summarized in Figure 1 , including the separation of the direct and indirect effects of ACRE on the cloud heating and tropospheric radiative heating profiles. Another separation that could be contemplated is the extent to which the ACRE results in a temperature change as opposed to a circulation change. This depends on the scale of the clouds and the domain with which they interact. By comparing the small domain and mock-Walker experiments, we can explore this separation. In the small domain, more of the effect of ACRE results in a temperature change, or the indirect effect. In the mock-Walker example, a larger fraction of the ACRE is exported away from the cloud by a circulation. Other factors such as self-aggregation or water vapor likely also have the effect of changing the relative roles of temperature change versus circulation change, and should be explored in future work.
In the limited area domain simulations, the T1C0 and T0C1 experiments have the advantage that they preserve the domain mean integrated radiative cooling and surface precipitation of their T1C1 and T0C0 counterparts, respectively. In the mock-Walker circulation experiments, however, the precipitation is not conserved because adding/removing the domain mean-ACRE uniformly across the domain does not preserve the structure in the time-average radiative cooling distribution, so the large-scale circulation will adjust.
The single moment microphysics scheme in SAM does not produce a lot of high, thin clouds, which makes the ACRE signal small in this modeling framework. To amplify the signal, we make use of a modification to the microphysics scheme based on the work of Lopez et al. [2009] , which produces more realistic anvil cloud, tuned to reproduce tropical high cloud optical depth statistics observed by MODIS. We employ their ''NOSEDAALIQ5'' specifications, which remove cloud ice sedimentation, lower the threshold for ice autoconversion by a factor of 100, and increase the autoconversion and accretion of liquid by factors of five. For convenience, we will refer to this perturbed scheme as the ''NA5'' microphysics. The NA5 microphysics produces more extensive anvil and cirrus clouds within the model, enhancing the ACRE profile within our simulations. As a result, the NA5 microphysics does a much better job of reproducing a realistic ACRE heating profile (see Figure 2 ) compared to cloud heating rates calculated using CloudSat/CALIPSO/MODIS retrievals over the tropical warm pool (heating rate data provided by Qiang Fu). For the upper troposphere in the NA5 version of the model, the longwave heating is a little too strong compared to observations, while the shortwave heating is a little too weak, such that the net is nearly identical to observations. The model does not generate sufficient midlevel clouds, so it is missing the additional peak near 6 km. A horizontal [Bretherton et al., 2006] , so we do not expect to accurately reproduce the heating rates in the lowest part of the atmosphere.
We run the NA5 microphysics for the T1C1, T0C0, T1C0, and T0C1 configurations at sea surface temperatures of both 28:5 C and 32:5 C for the uniform SST experiments. We also run two different SST profiles for the mock-Walker experiments. In the first, the peak temperature in the warm pool is 28:5 C, and in the second, the peak temperature is 32:5 C. For reference, the West Pacific warm pool sea surface temperatures are near 30 C.
T1C1 T1C0
T0C1 T0C0 . While we do not determine the relative strength of these circulation types in our simulations, we note that both are consistent with the increase in cloud amount we show in our results. 
Journal of Advances in Modeling Earth Systems 10.1002/2016MS000670
3. Results
How Does Cloud Fraction Respond to ACRE?
The first question we wish to address is a direct follow-up to Fu et al. [1995] . Does ACRE increase the high cloud fraction? We will begin our analysis with the limited area domain simulations. Here we adopt the convention of high clouds as those clouds with a cloud top pressure (CTP) less than 440 hPa. Cloud fraction, or areal coverage as we will sometimes refer to it, is the fraction of the domain covered by cloud (defined as a column with cloud mass, combined liquid and ice, exceeding 0.02 kg/m 2 ). The cloud radiative heating decreases the high cloud fraction-from 39% to 27% for SST 5 28:5 C and from 36% to 25% for SST 5 32:5 C. The high cloud reduction can be seen as the difference between T1C1 and T0C0 for the two different SSTs in Figure 3 (top row). We expect that the reduction of cloud fraction by ACRE is the combination of the two effects of cloud radiative heating. The first is the radiative destabilization of the anvil and cirrus clouds, by heating at the bottom and cooling at the top (the direct effect). The second is the stabilizing effect on the temperature profile from the cloud heating (the indirect effect). To separately assess the direct and indirect cloud heating effects, we rely on our additional experiments.
The indirect cloud heating effect (the stabilizing of the troposphere to convection through heating of the upper troposphere by clouds) can be determined by differencing experiments T1C0 and T0C0 for a given domain size and sea surface temperature. In both T1C0 and T0C0 experiments, the clouds are radiatively inactive, but the mean radiative cloud heating still heats the environment and enhances the atmospheric stability in the T1C0 experiment. The indirect cloud heating effect can be isolated by differencing the T1C1 and T0C1 experiments. Thus, we are determining the influence of the indirect cloud heating effect by differencing ''T1'' experiments with their corresponding ''T0'' experiments.
For convenience, we will refer to the combination of the direct cloud heating effect and indirect cloud heating effect as the total cloud heating effect. The total cloud heating effect is determined by the difference in the T1C1 and T0C0 experiments for a given domain size and sea surface temperature.
Returning to Figure 3 , we can see the role of the direct and indirect cloud heating effects on the cloud fraction profile. The direct cloud heating effect (T1C1-T1C0 or T0C1-T0C0) always leads to an increase in the cloud fraction. The increase in cloud fraction occurs primarily between 200 and 400 hPa, roughly the outflow layer for anvil clouds, as expected. The total high cloud fraction is significantly larger as a result of the direct cloud heating effect (significant at the 95% level). Significance is determined using a two sample ttest of the domain mean high cloud fraction sampled 200 times for each run (50 days of 6 hourly output). The increase in high cloud fraction is 11-13% for the high stability profile (T1) and 27-29% for the low stability profile (T0), both for the small-domain experiments (for the mock-Walker circulation experiments, the increase is 4-6%). Compared to the direct cloud heating effect, the indirect cloud heating effect has the opposite effect on the cloud fraction. The indirect cloud heating effect (T1C0-T0C0 or T1C1-T0C1) decreases the cloud fraction. The high cloud fraction decreases by 38-41% for the interactive cloud experiments (C1) and by 22-25% for the noninteractive cloud experiments (C0), both for the small-domain experiments (for the mock-Walker circulation experiments, the decrease is 3-6%).
From the above, the total cloud heating effect (T1C1-T0C0) is dominated by the indirect cloud heating effect, such that the high cloud fraction is reduced by 11-13% in the limited-domain simulations. In the mock-Walker circulation experiments, the total cloud heating effect on cloud fraction is small (1% or less) because the direct and indirect cloud heating effects balance one another. It should be noted that the vertically resolved cloud profiles are not the same between the T1C1 and T0C0 experiments, so while the areal coverage is insensitive to the total cloud heating effect, the cloud properties may not be. We will return to this point later.
We can ask whether the increase in cloud fraction owing to the direct cloud heating effect is in fact due to increased destabilization within the cloud layer. To investigate this feature, we first look at the turbulent kinetic energy (TKE) profiles for the same experiments presented in Figure 3 . Figure 4 shows that the TKE in the upper troposphere shows a strong peak for the experiments with the direct cloud heating effect included (T1C1 and T0C1). Note that convection is stronger in both T0C1 and T0C0 experiments, as can be seen by the stronger TKE throughout the depth of the troposphere. Additionally, the presence of more clouds, as in the weaker stability cases, generates more TKE as well. Still, the difference in TKE between the cloud layer and the midtroposphere is largest when the direct cloud radiative heating effect is included.
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HARROP AND HARTMANN THE ROLE OF CLOUD RADIATIVE HEATING WITHIN THE ATMOSPHERE
We are interested in asking how much of the turbulent motions are actually driven by the anvil and cirrus clouds. Is there any contribution from the deep convective cores? Convective cores are defined here as cloudy layers where the vertical velocity exceeds 1 m/s (either upward or downward) and the virtual potential temperature anomaly is greater than zero for updrafts (less than zero for downdrafts). The virtual potential temperature transport is calculated as h v w 0 , where the overbar denotes an average over regions that are cloudy, h v in the calculation, so the magnitude of the transport will vary from the normal eddy flux. We employ the vertical velocity criterion to select only the vigorous updrafts and downdrafts. We employ the virtual potential temperature threshold to identify updrafts that are correlated with warming, as opposed to mechanically driven. Thus, regions of nonconvective core cloud are those that are cloudy, but are not part of the strong updraft or downdraft regions of the convection. Figure 5 shows the transport of virtual potential temperature in regions of nonconvective core cloud. Virtual potential 
HARROP AND HARTMANN THE ROLE OF CLOUD RADIATIVE HEATING WITHIN THE ATMOSPHEREtemperature serves as a useful proxy for the buoyancy. Subtracting out the cores allows us to look at the effects of buoyancy transport in the anvil and cirrus clouds separated from the deep convection. Figure 5 shows that direct cloud heating effect more than doubles the h v transport within the clouds. The direct cloud heating effect does alter the h v profile some owing to the enhanced mixing generated, but those changes in h v owing to the direct cloud heating effect are less than 1 K (not shown). Therefore, the increase in transport must be driven by increases in vertical velocity within the clouds, driven by the direct cloud heating effect. Indeed, the mass flux profiles are similar to the energy transport profiles (not shown). Furthermore, the increase in the buoyancy transport occurs outside of the deep convective cores, and is instead associated with the anvil clouds and extensive cirrus within the model domain. The direct cloud heating effect is larger when the stability effect is not present. It can be seen in Figures 4 and 5 that in the more stable T1C1 experiment where convection is less frequent or weaker, less cloud is generated compared to the T0C1 experiment, and hence less cloud is present to interact with the radiation and generate turbulent kinetic energy or h v transport.
In the mock-Walker circulation experiments, we can see that the lower and middle troposphere show different responses to the direct and indirect cloud radiative heating effects compared to the limited-domain T1C0  T0C1  T0C0   T1C1  T1C0  T0C1  T0C0   T1C1  T1C0  T0C1  T0C0   T1C1  T1C0 T0C1 T0C0 [2015] showed that for an increase in high cloud amount of 1%, top-of-atmosphere net CRE decreases by 0.26 W/m 2 (based on satellite retrievals over the West Pacific warm pool). In their study, changes in high cloud amount were determined as changes in the first empirical orthogonal function (EOF), which described an amplification of the mean cloud distribution in cloud optical depth/cloud top pressure space. Combining this value for CRE as a function of high cloud amount with the changes in high cloud fraction above, we calculate the CRE change one might expect to incur from these high cloud changes, all else being equal. The increase of 12% or 28% in high cloud fraction owing to the direct cloud heating effect would cause net CRE to decrease by 3.1 or 7.2 W/m 2 . Likewise, the decrease of 39% or 24% in high cloud fraction owing to the indirect cloud heating effect would cause net CRE to increase by 10. or 6.1 W/m 2 . These numbers are for the limited-domain experiments. T1C0  T0C1  T0C0   T1C1  T1C0  T0C1  T0C0   T1C1  T1C0  T0C1  T0C0   T1C1  T1C0 T0C1 T0C0 We do not expect, of course, that any change in CRE simply reflects a change in average high cloud fraction. Therefore, the next question we will address is how the top-of-atmosphere cloud radiative effect (CRE) responds to the interactions between clouds and radiation. Not only will we examine the same experiments as the previous subsection, but we also wish to identify which components of the clouds or environment produce the changes in CRE we see between different experiments. In other words, we seek to quantify how much of the change in CRE comes from changes in cloud fraction compared to how much comes from changes in the cloud radiative properties. To accomplish this, we first write the CRE equation following Hartmann et al. [2001] as:
where A i is the fractional area coverage of cloud, S 0 is the top of atmosphere insolation, a clr is the clear-sky albedo, a i is the cloudy albedo, F clr is the clear-sky OLR, and F i is the cloudy OLR. The subscript ''i'' refers to the cloud type. We break the cloud into different types based on cloud top pressure and cloud optical depth using the standard histogram bins for the International Satellite Cloud Climatology Project (ISCCP) [Schiffer and Rossow, 1983; Rossow and Schiffer, 1991] . The equation above gives the CRE for each cloud type, and its sum gives the total CRE. To get the change in CRE between experiments, we can use the above equation to express the total difference in CRE as a sum of the differences in the various terms, plus a covariance term
Note that in equation (4) 
where s is the cloud optical depth, LWP is the liquid water path, IWP is the ice water path, r liq is the cloud liquid effective radius, r ice is the cloud ice effective radius, T is the temperature, and the j index denotes an individual model layer. The SAM model assumes a fixed cloud liquid effective radius of 14 mm. The ice effective radius follows the CAM3 parameterization based on Kristj ansson et al. [2000] and is a function of temperature alone, with colder temperatures producing smaller effective radii, and hence, larger cloud optical depths for a constant IWP. These sizes are only used for the radiative transfer scheme. The microphysics is a single-moment scheme and does not have any requirements to be consistent with the radiative transfer calls in terms of effective radius. Future studies should investigate the robustness across different microphysics schemes (so long as they are still capable of producing realistic ACRE profiles).
The breakdown of CRE into its components allows us to describe the influence of the direct, indirect, and total cloud heating effect on the CRE as changes in cloud amount, cloud albedo, cloud OLR, clear-sky terms, and a covariance term. The cloud amount term is straightforward. A shift in the abundance of various cloud types will change the CRE based on the CRE values for the cloud types that become more frequent and those that become less frequent. The cloud albedo factor and cloud OLR factor may be interpreted as a change in the mean cloud albedo or cloud OLR in each histogram bin. For example, if the atmosphere warms at a given pressure level, the cloud OLR would change without a shift in the amount histogram. Likewise, changes in albedo can occur within a given histogram bin that are not accounted for by changes in the frequency of that bin. The primary benefit of breaking the CRE changes down into the ISCCP histogram is that it allows us to isolate the changes in CRE owing to the high clouds alone, simply by summing over the histogram bins where CTP < 440 hPa. For simplicity, the following discussion will only focus on CRE changes owing to high clouds (CTP < 440 hPa). It is worth noting that the CTP and cloud optical depth are calculated for each model column so that they are comparable to satellite retrievals. Table 1 shows the change in high cloud CRE breakdowns when comparing different experiments.
HARROP AND HARTMANN THE ROLE OF CLOUD RADIATIVE HEATING WITHIN THE ATMOSPHEREFirst, Table 1 shows that the direct cloud heating effect increases the CRE from the high clouds, making it less negative. The increase in CRE is greater when stability is weaker and high clouds are more abundant than for the cases where the stability is higher and high clouds are less abundant. For the limited-domain experiments, the cloud amount, cloud albedo, and cloud OLR are the dominant factors in determining the total CRE increase. The cloud albedo and cloud OLR changes are largely offsetting, however, such that the total CRE increase is quite similar to that predicted solely by the change in cloud amount. Figure 6 shows the breakdown of the CRE change from the direct cloud heating effect. We can see that some cloud types contribute to the increase in CRE, while other cloud types decrease the CRE. Most of the increase in CRE comes from the cirrus (CTP < 440 hPa and s < 3.6). Deep convection (CTP < 440 hPa and s > 23) and cirrostratus (CTP < 440 hPa and 3.6 < s < 23) have counterbalancing effects on CRE. The changes in the highest clouds (CTP < 180 hPa), increase CRE, while slightly lower clouds (180 hPa < CTP < 440 hPa) decrease CRE. Figure 7 shows the change in cloud amount for each cloud type. As for CRE, most of the increase occurs for the cirrus clouds. The anvil clouds (cirrostratus) also increase, giving rise to the counterbalancing negative CREs seen in these bins. There is very little change in the cloud amount in the highest cloud top pressure bins.
Figure 6 looks similar to an amplification of the basic CRE ISCCP pattern (not shown) with the notable exception of clouds with CTP < 180 hPa and s > 3.6. For clouds whose CTP > 180 hPa, there is an increase in CRE for cloud types that have a positive CRE and a decrease for those cloud types that have a negative CRE. In other words, the CRE for these clouds is amplified. Webster and Stephens [1980] suggested that the direct effect would be more important for weakly precipitating clouds, and Ackerman et al. [1988] also suggested that thin anvils would be more susceptible to the effects of radiative destabilization than thicker anvils. Both of these studies suggest that the thicker clouds are less susceptible to the direct effect than the thinner ones. Figure 6 is in agreement since the largest change in CRE occurs for the thinner clouds. 
HARROP AND HARTMANN THE ROLE OF CLOUD RADIATIVE HEATING WITHIN THE ATMOSPHEREclouds also tend to fall in the 180-310 hPa cloud top pressure bin. Without a Brewer-Dobson circulation, however, our tropopause is likely to be too low in the model.
We can perform the same breakdown of which cloud types contribute to the change in CRE when driven by the indirect cloud heating effect as well. Figure 9 shows the same plots as Figure 6 , but for the stability differences owing to the indirect cloud heating effect. The increase in stability tends to reduce cloud amounts for all high clouds ( Figure 10 ) and this is reflected in the change in CRE ISCCP histograms in Figure  9 . The high, thin clouds that have a positive CRE are reduced, causing a decrease in the total CRE, while the high, thick clouds that have a negative CRE are also reduced, causing an increase in the total CRE. When the direct cloud heating effect is included, more high, thin clouds are lost when stability increases, such that the change in CRE is negative. When the direct cloud heating effect is removed, the opposite occurs. Fewer high, thin clouds are present, so the reduction of clouds is weighted toward the thick clouds and thus, the change in CRE is positive. The covariance terms for the indirect cloud heating effect are the same order of magnitude as the other terms. Therefore, the CRE changes cannot be as simply interpreted for the indirect cloud heating effect as they were for the direct cloud heating effect. The changes in CRE for increasing sea surface temperature are dominated by the clouds rising. The clouds rise in such a fashion that the cloud amount does not change much (not shown). If we refer back to Table 1 , we see that the cloud amount changes indeed account for very little of the total CRE change for sea surface temperature. Instead, the CRE is dominated by changes in cloud albedo and the clear-and cloudy-sky OLR. The albedo and clear-sky OLR increase the CRE, while the cloudy-sky OLR decreases CRE. The three terms largely cancel one another, such that the total change in CRE with warming is small. We expect the clearsky OLR to increase CRE since clear-sky OLR will increase in a warmer atmosphere. The albedo response implies the clouds are thinning in a warmer atmosphere, while the cloudy-OLR response implies the clouds are warming some. It has been shown that high clouds do not rise exactly isothermally with increasing SSTs in this CRM owing to the fixed ozone profile impacting stability [see Harrop and Hartmann, 2012] . The ozone stability limits the rise of the clouds, causing them to occur at slightly warmer temperatures than what is predicted by the Fixed Anvil Temperature (FAT) hypothesis [e.g., Hartmann and Larson, 2002; Kuang and Hartmann, 2007; Zelinka and Hartmann, 2010; Harrop and Hartmann, 2012] . Because the change in SST is 4 K for each of the SST differences in Table 1 
We have focused on the high cloud changes in our discussion above. As noted in section 2, the model grid spacing is insufficient to accurately simulate low clouds. As such, we do not have confidence in the low cloud changes, or their impact on the top-of-atmosphere CRE. Also, there are very few low clouds in the limited-domain experiments, which is a result of the microphysics modifications we use. Despite this lack of confidence and underestimate in low cloud amount, our experiments show a consistent reduction in low cloud owing to the direct cloud heating effect and an increase in low cloud owing to the indirect cloud heating effect. Because all low clouds have a negative CRE over tropical oceans, the reduction (increase) in low cloud decreases (increases) the TOA CRE. The amounts of these changes can be found on the right side of the bottom two rows in Figures 6-9 , and 10.
Finally, the total cloud heating effect shows an increase in CRE. Again, we see that the clouds thin and warm such that cloud albedo changes invoke an increase in CRE while cloud OLR changes invoke a decrease in CRE. The decrease in total cloud amount leads to an increase in CRE.
In this section, we have shown the effect of ACRE on the cloud radiative effect from high clouds. The direct effect increases high cloud fraction, while at the same time shifting the pdf of cloud optical depths toward thinner clouds and warming the cloud tops. The combination of the change in cloud optical depth and cloud top temperature increases the CRE (making it less negative). The indirect effect, on the other hand, decreases high cloud fraction, while simultaneously shifting the cloud optical depth pdf toward thinner clouds and warming the cloud top temperatures, like the direct effect. While the indirect effect tends to dominate the response of the high cloud fraction, the direct effect has a larger impact on CRE.
Most of our discussion has focused on the limited area domain simulations since they are the more straightforward. It should be noted that, again, like the high cloud fraction changes, many of the changes in CRE owing to the direct, indirect, and total cloud heating effects show similar behavior in the mock-Walker circulation experiments as those in the limited-domain experiments. We will elaborate on the differences in section 3.3.
Does a Large-Scale Circulation Mitigate the Stability Effect of the Cloud Radiative Heating?
We have focused much of our previous analysis on the limited area domain experiments because they are simpler by construction and easier to understand. The inclusion of a large-scale circulation pattern 
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complicates some of the analysis because there is an additional feedback within the system associated with spatial gradients in ACRE and their effect on circulation strength. Despite the added complexity, many of the responses of the clouds and the top-of-atmosphere cloud radiative effect (CRE) are the same as those seen in the limited area domain experiments (see Table 1 ). The biggest difference is that of the indirect cloud heating effect.
In a system with both a warm pool and cold pool, the large-scale circulation is capable of transporting some of the energy of ACRE heating from the warm pool to the cold pool. The cold pool can be thought of as a more effective sink of energy, or a ''radiator fin'' as described by Pierrehumbert [1995] . Thus, the mockWalker circulation atmosphere does not collect the heat from the clouds and grow quite as stable as it does in the limited area domain experiments. The changes in cloud fraction owing to either the direct or indirect cloud heating effect are muted compared to the limited area domains, as noted earlier, and the overall cloud fraction in the domain is less (see Table 2 ).
The changes in CRE in the mock-Walker circulation are less straightforward than the changes in cloud fraction. While the total changes in direct cloud heating effect are more or less the same as the limited area domain experiments, in the mock-Walker circulation experiments, the clear-sky OLR also becomes an important factor (see Table 1 ). Because we have added in the domain mean ACRE uniformly instead of preserving Journal of Advances in Modeling Earth Systems 10.1002/2016MS000670 the time-averaged spatial structure, changes in the circulation occur, and these changes alter the temperature and humidity profiles, and hence the clear-sky OLR.
The change in cloud fraction owing to the total cloud heating effect is small, and therefore the increase in CRE owing to the cloud fraction factor is likewise small. The albedo, clear-and cloudy-sky OLR changes are nonnegligible, but are largely offsetting, such that the net CRE change in response to the total cloud heating effect is small. Interestingly, the changes in CRE owing to sea surface temperature increase in the mockWalker circulation experiments are not distinct (both in total and component breakdown) from the limiteddomain experiments, suggesting that these effects may be robust to the presence of the circulation. However, the net change in CRE with SST is small compared to largely offsetting changes in OLR (both cloudy and clear) and cloudy albedo, allowing the small terms like cloud amount changes to potentially be important. Since the cloud amount changes are not consistent between the small-domain and mock-Walker experiments, more explicit testing in a global-scale circulation is needed to investigate the CRE response to SST further.
As we have already noted above, the decomposition into the direct and indirect effects is not exact in the mock-Walker experiments. These experiments do illustrate the point that the balance between stabilizing by warming (the indirect effect), and destabilizing by lifting or mixing through the large-scale circulation is Journal of Advances in Modeling Earth Systems 10.1002/2016MS000670 a key issue. The relative importance of these two things depends on the scale of the circulation. Regardless, these experiments still point to the conclusion that one must simulate the indirect and direct effects accurately to get a realistic answer (as was found for the small-domain experiments). Future research should focus on the sensitivity of the relative contributions of the direct and indirect effects to organization of convection or the strength of the circulation.
What are the Implications for Cloud Feedbacks?
From the above, we have seen that the direct cloud radiative heating effect increases cloud fraction, while the indirect cloud heating effect decreases cloud fraction. The latter of these two is effectively a negative feedback on high cloud fraction. For a decrease in cloud cover, there will be an additional decrease in stability owing to the indirect cloud heating effect. The decrease in stability will favor more convection, and more clouds, thus reducing the initial perturbation. In a warmer climate, the tropical circulation is expected to slow [Vecchi and Soden, 2007] . A decrease in cloud amount would be expected to accompany the decrease in mass flux, with a negative feedback on the cloud amount from the indirect cloud heating effect response.
As the climate warms, clouds rise by the Fixed Anvil Temperature (FAT) hypothesis [e.g., Hartmann and Larson, 2002; Kuang and Hartmann, 2007; Zelinka and Hartmann, 2010; Harrop and Hartmann, 2012] . All else equal, a rise in the clouds would increase ACRE since the warmer lower troposphere emits more longwave radiation, while the fixed cloud top temperature would mean the clouds emit the same amount of longwave radiation as they did in the cooler climate. Therefore, the heating at anvil cloud base would be expected to increase, while the cooling at the cloud top would remain fixed. This would enhance the destabilization within the cloud layer, as well as increase ACRE within the column, and thus, increase both the direct and indirect cloud heating effects. In our experiments, ACRE increases by about 1-2% (W/m 2 /K) when normalized by cloud fraction in the limited-domain simulations. The mock-Walker circulation experiments show no consistent response of ACRE to SST.
The total change in ACRE is likely to be small owing to the opposing ways in which the rising of clouds via the FAT mechanism increases ACRE and the decrease in cloud abundance through the circulation slowdown decreases ACRE. Comparing integrated domain mean ACRE across the warming experiments in our simulations, we see that ACRE does indeed show little change with sea surface temperature increase. As a result, the indirect cloud heating effect is likely to remain nearly the same as the climate warms. The direct cloud heating effect, the destabilization of the cloud layer, however, is still likely to increase, since it will be impacted more by the clouds rising. Climate models generally predict a reduction in cloud amount over the tropical warm pool [Zelinka et al., 2012] , which is in agreement with a reduction in mass flux. It is unlikely that the physics of the anvil spreading by radiative destabilization is captured by these climate models, and as a result, the models may be overpredicting the reduction in cloud amount due to warming in the tropical Journal of Advances in Modeling Earth Systems 10.1002/2016MS000670 warm pool. Since the direct cloud heating effect leads to more high, thin clouds, not having the direct cloud heating effect in GCMs may also lead to an underprediction in climate sensitivity.
An increase in ACRE with warming is also likely to thin the clouds and warm the clouds. While these effects tend to cancel one another at the top of the atmosphere, it does so by reducing both the SWCRE and LWCRE. The SWCRE and LWCRE offsetting one another can be thought of as repartitioning energy between the ocean and the atmosphere [Zhang and Rossow, 1997; Tian et al., 2001] . Thus, the thinning and warming of the clouds owing to an increase in ACRE would effectively be partitioning more energy into the ocean at the expense of the atmosphere.
The FAT response is a feedback, but there is great interest in the so-called fast adjustments that are not dependent on surface temperature change. An instantaneous doubling of CO 2 , for example, can elicit cloud changes in much the same way as ACRE. Making the atmosphere more opaque would limit the surface and lower atmospheric upwelling longwave radiation and thus reduce the direct cloud heating effect. As we have seen above, a reduction in the direct cloud heating effect will reduce high cloud fraction, it will shift the cloud optical depth toward thicker values, cool the clouds, and decrease the CRE. The fast responses of clouds are typically expected to increase CRE by reducing cloud fraction, so the ACRE response may negate some of that change.
Conclusions
We show that the atmospheric cloud radiative effect (ACRE) affects the high cloud fraction in two ways. First, the turbulence generated by longwave warming at cloud bottom and cooling at cloud top enhances the areal extent of the cloud, consistent with earlier findings [e.g., Fu et al., 1995] . Second, the net ACRE is a heating term that stabilizes the atmosphere and reduces cloud cover. In a limited area domain, the stability (or indirect) effect is the dominant control. In a mock-Walker circulation, the two effects largely cancel one another, owing to the ability of the large-scale circulation to transport heat from the warm pool to the cold pool, where it is removed by emission to space.
The cloud fraction is not the only aspect of the clouds that ACRE changes. In consequence of the direct cloud radiative heating effect, the average cloud optical depth decreases and cloud top temperature increases, and these are reflected in an increase in the top-of-atmosphere cloud radiative effect (CRE; making it less negative). By breaking down the change in CRE into its component cloud fraction, clear-sky albedo, clear-sky OLR, cloudy-sky albedo, cloudy-sky OLR, cloud fraction, and covariance terms, we have shown that the cloud fraction, cloudy albedo, and cloudy OLR contribute most to the total change in top-ofatmosphere fluxes. The cloudy albedo and cloudy OLR, however, largely offset one another, making the total increase in CRE similar to that driven by cloud fraction changes alone.
We have also done these breakdowns for the total cloud heating effect (direct plus indirect effects), the indirect cloud heating effect, and for changes in sea surface temperature. We focus on high clouds (those whose cloud top pressure is less than 440 hPa). In short, we find ACRE increases CRE in all experiments (though the effect is larger in the limited area domain simulations than in the mock-Walker experiments). The increase in CRE largely comes from the direct interactions of clouds and radiation, while the cloud radiative heating induced stability changes tend to decrease CRE. The cloud changes (albedo, OLR, and fraction) tend to be the dominant factors in determining CRE while the clear-sky and covariance terms tend to be secondary. Warming also leads to a small increase in CRE of about 0-1 W/m 2 , owing to changes in clear-sky OLR and cloudy albedo offsetting changes in cloudy-sky OLR. The results we have presented here should apply to other simulations so long as they are capable of simulating realistic anvil clouds. Many models, including the base SAM microphysics, struggle with simulating realistic anvil clouds, hence our modification to the microphysics for this study (as described in section 2).
The total CRE changes are often the result of cancellation between different factors. For example, cloud fraction and albedo changes tend to increase CRE while OLR changes tend to decrease CRE. In other words, not only does ACRE increase the occurrence of high, optically thin clouds, but it also thins and warms those clouds, reducing their albedo while enhancing their OLR. It is worth pointing out that even CRE changes of a few W/m 2 are large percentage changes from the mean because the net cloud radiative effect is close to zero owing to the near cancellation of the shortwave and longwave components of CRE.
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The stabilization of the vertical temperature profile tendencies by ACRE, which we show to be the dominant factor in the limited area domains, is mitigated in the mock-Walker experiments. In our warming experiments, the gradient in SST is held fixed, which may exert an unrealistic control on the energy transport from the warm pool to the cold pool. It is unclear whether the balance in cloud fraction enhancement and reduction owing to the cloud-radiation interactions will be maintained if the SST gradients were to be enhanced or reduced.
It is important to note that by using fixed sea surface temperatures, we are limiting our analysis of the cloud-radiation interaction to their within-atmosphere component only. In the real world, the cloudradiation interactions could also have a profound effect on the surface budget, which is likely to further influence the structure of convection in the tropics. Much of the changes in cloud amount for the direct cloud heating effect occur for high, thin clouds, which do not have much impact on the surface energy budget, so the atmospheric influence is still likely to be the dominant component. The changes in clouds for the indirect cloud heating effect, however, show larger changes for cloud types with high optical depths, which do have a strong surface-forcing component. Future work should be done to quantify how the surface and atmospheric cloud radiative effects work in tandem to alter the tropical circulation patterns.
We have also discussed the potential impacts our results have for understanding cloud feedbacks. Since ACRE is expected to increase in a warmer climate owing to the rising of clouds, we can expect the destabilization of the clouds, the direct cloud heating effect, to increase as well. In our experiments, we find an increase of ACRE per unit cloud fraction of about 1-2% W/m 2 /K. Models that are unable to resolve the within-cloud circulations may miss out on this cloud spreading as well as the thinning and warming that accompany it.
